Water recovery from wastewater is essential for the success of long-term missions to the Moon and Mars and human crew operations during explorations of these planets. Honeywell International and the team consisting of Thermodistillation Co. ( Kyiv, Ukraine) and NASA JSC Crew and Thermal Systems Division are developing an efficient wastewater processing subsystem that is based on centrifugal vacuum distillation. This subsystem will be tested at the NASA JSC Advanced Water Recovery Systems Development Facility. The Wastewater Processing Cascade Distillation Subsystem (CDS) utilizes an innovative and proven multi-stage thermodynamic process to produce purified water efficiently, and its rotary centrifugal design provides gas/liquid phase separation and liquid transport (pumping) under microgravity conditions. Key performance and success criteria for the subsystem design are: water production rate of 5 kg/hr max., specific power consumption at less than -140 W/kg, and the successful operation of the technology at NASA-JSC. The system will operate in automatic mode and the control algorithms have been formulated and tested experimentally. This paper discusses activities for the second year of the program, which include subsystem design, component development, selection and evaluation, subsystem construction, packaging and verification. Challenges and findings gained from experience that will be used for maturing the CDS and any other wastewater processing subsystems for future space exploration missions will also be discussed in this paper.
INTRODUCTION
Cascade distillation devices for use in purifying wastewater in spacecraft have been developed for a number of years (refs. [1] [2] [3] [4] [5] [6] [7] [8] . The cascaded distiller uses vacuum distillation in a multistage rotary machine. This provides for operation at reduced temperatures and for operation in zero gravity, both of which are desirable for space-flight applications. Centrifugal forces created during rotation of the distiller also cause transportation of liquids via pitot probes inside of the processor, thus eliminating the necessity of external pumps. Wastewater, especially human urine, contains mineral salts that must be removed if the recycled water is to become potable. Rotary vacuum distillation technology can achieve high water recovery from the feed stream (95 to 97%) while preventing deposition of crystallized salts on heat transfer surfaces of the water processor.
The purpose of the CDS project is to demonstrate potable water production for long duration missions with low equivalent mass (low mass, volume, power consumption, consumables) relative to ISS baseline technology. The project objective is to advance the technology readiness level from component level (TRL4) to a subsystem level (TRL6) for a cascade water distillation subsystem. A prototype subsystem will be developed and tested using human-generated wastewater at the NASA-JSC water development facility to meet the TRL6 requirement of a 'relevant environment. ' The CDS project is planned for four years and is currently in its third year. The first year was devoted to defining the requirements for a prototype system and conducting operational testing of a breadboard CDS. The second year covers the system design and fabrication. In the third year the prototype system will be checked out at Honeywell and delivered to NASA, where it will be installed in the JSC Advanced Water Recovery Systems Development Facility. After verification testing, the CDS will undergo engineering evaluation testing at NASA in the fourth year. This paper discusses the program accomplishments to date,
CASCADE DISTILLATION SYSTEM
The cascade distillation system is shown in simplified form in Figure 1 . The system consists of two main components: the multistage vacuum rotary distiller and a thermoelectric heat pump. The feed liquid, such as preserved urine, is fed to the multistage vacuum rotary distiller (cascade distiller (CD)) where evaporation and condensation of water takes place. The multiple stages operate in parallel to provide a high rate of water production. The energy for the process comes from the thermoelectric heat pump (THP), where the distillate water is cooled and the process liquid is heated. Both streams are pumped by the CD in loops to the heat pump and return to the CD. The temperatures of the process are 40° to 50°C for the hot loop and 20° to 25°C for the cold loop.
The other components of the system are used for the storage and control of the liquids used in the process. The feed and withdrawal of liquids are controlled by differential pressure regulators that do not require a digital controller. The feed liquid is held in a run tank at ambient pressure and is delivered to the hot loop through a differential pressure regulator. The system operates at a vacuum and when the volume of the hot loop decreases due to distillation, the pumped pressure decreases and more feed is driven into the CD. Condensate is delivered to a product tank through a pressure-controlled valve operating in the reverse direction. In this case the product tank is also held at the system vacuum pressure. When the cold loop volume increases due to distillation, the pumped pressure increases and the valve will open to deliver product.
The process is operated as batch process to obtain the maximum recovery of water from the feed liquid. The CD distills product water from the hot loop depleting the volume of the hot loop. Feed liquid is added to the hot loop to maintain a constant volume in the hot loop. This process continues until the hot loop becomes concentrated brine and the distillation temperature increases. At this point the heat pump is turned off and pressure is restored to ambient. This usually occurs when over 90 percent of the water in the feed is distilled and collected in a product tank. The brine is then pumped out of the system to the brine tank and the CD is turned off. A typical batch consists of processing 10 liters of feed, producing nine liters of product water and one liter of brine.
PROTOTYPE CASCADE SYSTEM DESIGN
The prototype CDS has been designed to meet the requirements established for system testing at NASA JSC. The design consists of the following:
• There are seven major components in the system: cascade distiller, thermoelectric heat pump, feed tank, product tank, brine tank, vacuum subsystem, and auxiliary chiller subsystem. In addition to the major components, there are 20 solenoid valves, eight manual valves, and 23 sensors. The solenoid valves are electrically controlled valves that are used to control the system and can be operated manually or automated. The sensors are for system monitoring and control and consist of temperature, flow rate, conductivity and pressure sensors.
SYSTEM SCHEMATIC WITH PIPING AND INSTRUMENTATION IDENTIFIED
The system schematic is shown in Figure 2 . The numbered finds in the schematic refer to the components listed in Table 1. The table contains the item find number, part identifier, part name, description and number of units needed for the system. The find number refers to the numerical callouts found in Figure 2 . This schematic was developed using the breadboard test system as a model. Changes in the schematic made to improve the operational sequence or to meet requirements such as sampling were tested on the breadboard test rig to verify functionality. The system schematic shows all of the components and their location within the system, It also shows all the valves used for control of the process and the required instrumentation. This schematic provides for the use of the CDS in a test environment. It has additional instrumentation such as flow meters and temperature sensors that are not needed for operation but are used for characterization of the system for further optimization. The system also has provisions for withdrawing samples of the process water during operation without breaking a vacuum,
COMPONENT SELECTION AND DESCRIPTION
As part of the CDS system design all of the components have been selected and specified. The CDS system components are listed in Table 2 . There are a number of parts needed for the system that are not identified in Figure 2 . These include tubing connections and fittings, parts for assembly of the system wiring, instrumentation signal conditioners, and the CDS console and related parts. The CDS components and materials are resistive or chemically neutral to the aggressive fluids, in particular to pretreated urine and distillate formed thereof, and can perform in the low-pressure (vacuum) environment
The cascade distiller (CD) function is water distillation from various streams of wastewater by centrifugal vacuum distillation to produce purified water. The distiller is manufactured by Thermodistillation in Kyiv, Ukraine. All parts contacting waste or product water are fabricated from titanium. The cascade distiller is shown in Figure 3 . It is the large cylindrical component in the center of the figure. The specification for the cascade distiller is given in Table 2 , It is sized for a maximum production rate of 5 liters/hr, The CD 5-3 is a 270-mm-dia cylindrical vessel that is 340 mm long (cylindrical portion only). The CD full length, including the motor and hydraulic connections, is 600 mm maximum. The weight of the CD assembly is approximately 20 kg.
A rotor assembly is installed on the bearings inside the cylindrical housing. The CD rotor is divided into five distillation stages by means of specially designed baffles, The vapor formed in one stage is condensed on the heat transfer surface of the opposite side of the surface of the next stage being used for liquid evaporation at a lower pressure. With the five stages, the heat of condensation is recuperated four times and utilized for evaporation.
Pitot pumps within the CD transport the process liquid and the distillate through the circulation loops. The CD ports are used for connections of the 6-mm-ID vacuum tubes or hoses. The drive assembly is attached to the CD rotor, It consists of a high-speed electric motor and gearbox. The permanent-magnet motor requires a control module. The drive control module (DCM) maintains the CD rotor speed at 1200 (±200) rpm. The weight of the DCM is -0.5 kg. The DCM is connected to the 28-Vdc power supply, motor, and speed readout.
THERMOELECTRIC HEAT PUMP
The function of the thermoelectric heat pump (THP) is to transfer heat from the hot loop to the cold loop. The heat transfer is based on use of Peltier effect thermoelectric devices and heat exchanger surfaces, Besides the transfer of heat that is caused by the electrical current through the thermoelectric devices, there is also some resistive heating from the devices. This heat is transferred to the cold loop and is removed by the auxiliary cooling heat exchanger. The thermoelectric heat pump is manufactured from titanium. The thermoelectric heat pump is shown in Figure 4 . It is the gray rectangular box on the left of the figure. The electrical power connections are on the top.
The specifications for the thermoelectric heat pump are given in Table 3 . The THP is a key component in the system and since it functions to heat with a 2.3 COP, it is 230 percent more efficient than a simple resistive heater, This is one of the reasons that the CDS has very low specific power consumption.
The thermoelectric heat pump is sized for a maximum power of 500 W. The typical operating power is 400 W, which is used to produce distillate at 5 liter/hr. At the maximum heating rate, the temperature of the liquid being evaporated in the circulation loop downstream from the heat pump should not exceed 55°C when using urine. The THP uses a dedicated 28-Vdc, 1000-W power supply that can be controlled manually or automatically.
The maximum current load of THP does not exceed 20 A. 
TRIM HEAT EXCHANGER/COOLER
The trim heat exchanger compensates for the resistive heating produced by the THP The trim heat exchanger is an Alfa-Nova fusion plate heat exchanger Model 14-10H made of Alloy 316/SS. Cooling water flow for the trimming heat exchanger is provided by the facility. The required flow of cooling flow media is 0.8 ±0.1 gpm at a temperature of 18 ±1°C (64 ±2°F). Feed and return of the cooling water is connected by hydraulic connectors.
FEED TANK
The feed tank has a capacity of 3 gal. It is placed on the scale used to measure the weight of feed solution to be processed by the CDS. The wastewater collection facility supplies the feed tank with the processing solution using the gravity flow or flow produced by a facility pump. In this case, the pressure of this flow shall not exceed 10 psi. The feed line with the processing solution is connected to the CDS feed tank via hydraulic quick disconnect. The amount of feed solution in the feed tank (batch) is controlled by a solenoid valve, while the amount added is monitored by the weight. A drain line is connected to a manual valve for draining the feed tank when needed. There is also a manual valve that is used to take samples using vacuum sample containers.
PRODUCT TANK
The product tank has a capacity of three gallons and is used to collect product water during the distillation process. It is placed on the scale used to measure the weight of water produced by the CDS. The internal pressure of this tank is 3.5 ±1 kN/m2 during the process and 103 kN/m2 when product water is displaced to the water collection facility. The product tank is connected to the water collection facility using hydraulic disconnects. It is connected to the vacuum and vent with solenoid valves that are used to control the internal pressure of the tank. There is a solenoid valve used to control the displacement of the product water to the facility. There is also a manual valve that is used to take samples using vacuum sample containers. The tank has a pressure transducer and a conductivity sensor mounted on it.
BRINE TANK
The brine product tank has a capacity of three gallons and is used to collect brine at the end of the distillation process. It is placed on the scale used to measure the weight of brine produced by the CDS. The internal pressure of this tank is 3.5 ±1 kN/m2 during the process and 103 kN/m2 when brine is displaced to the water collection facility. The brine tank is connected to the water collection facility using hydraulic disconnects. It is connected to the vacuum and vent with solenoid valves that are used to control the internal pressure of the tank. There is a solenoid valve used to control the displacement of the brine product water to the facility. There is also a manual valve that is used to take samples using vacuum sample containers. The tank has a pressure transducer mounted on it.
FLOW SWITCHES
Flow switches are installed in the cold and hot loops of the CDS and are used to monitor whether flow is present. The flow switches are Plastomatic Model FLT-93L. The flow switch in the cold loop is used to monitor the minimum flow of cold solution (product) in the cold loop. This is used during filling of cold loop to verify when flow has started. The switch is set for a flow of 1000 mL/min. It closes contact at a flow of 1000 ±50 ml/min, and opens if the flow is less than 950 ml/min. It is also monitored during distillation to verify operation.
The flow switch in the hot loop is used to monitor the minimum flow of hot solution (processed) in the loop during the distillation process. The switch is set for a flow of 1000 ml/min. It closes contact at a flow of 1000 ±50 ml/min, and opens if the flow is less than 950 ml/min.
ROTAMETERS
Rotameters are installed in the cold and hot loops of the CDS as visual indication of flow in the loops during startup and troubleshooting, or during observation of the distillation process. 
No

FILTERS
A vapor trap in front of the vacuum pump is used to trap the vapor leaving the system during distillation. Any vapor will be trapped and condensed. This will prevent damage of the vacuum pump It is also used to obtain a mass balance of the system, A 25-p Cole Palmer media filter is installed in the hot circulating loop. The purpose of this filter is to catch any particles of a size above 25 jj to prevent potential clogging of the CD pitot tubes, or to collect and prevent precipitation of these particles in the system A charcoal Cole Palmer filter is used to control the organic impurities in the cold/product loop, Since it is inline, it will operate in a continuous manner
The 10-|j filters are used on the air inlet lines to prevent contamination of the CDS or individual components during bleeding (connecting to atmosphere) of the entire system or individual components.
SOLENOID VALVES
The CDS is placed in various operating modes through the use of solenoid valves. The valves are electrically actuated by applying 28-V current to them. The electrical system is connected to permit either manual or computer actuation of the valves. All the valves are normally closed with solenoid coils using 24 to 28 Vdc.
Three types of solenoid valves used in the CDS are:
1. Solenoid valve type EASYMT4V12W20-PV with orifice size 3/8 are equipped with the feedback switch to indicate the valve energized position. These valves are used everywhere in the system where flow restriction is not allowed, and indication of the valve position is required by the control system, 2. Solenoid valve type EASYMT4V12W20-PV with orifice size 3/8 without feedback switch is used everywhere in the system where flow restriction is not allowed, but indication of the valve position is not required.
3. Solenoid valve type X1206 EAST with orifice size 1/4 without feedback switch is used everywhere in the system where there is no limitation to flow restriction.
INSTRUMENT SELECTION AND DESCRIPTION
There are a variety of instruments and sensors used in the CDS for monitoring and control. All of the instruments are listed in 
CDS PROTOTYPE HARDWARE
The prototype cascade distillation system hardware has been assembled and delivered to NASA JSC for testing. All of the components for the system were assembled into a two-bay console. The assembly was completed with the routing of plumbing and completion of the wiring. The system is shown in Figures 5 through 8 . The CDS is designed to function in manual and automated modes driven by a computer controller. It is also designed to interface with the NASA dataacquisition system and facility interfaces. To accomplish these requirements, an electrical control panel is positioned on the CDS console This control panel provides an electrical interface between the CDS, the operator, and the NASA data-acquisition and control system. The control panel is shown in Figure 6 . The switches and readouts are used to manually control the system when it is switched to the local position. Switching to remote resets all of the relays and permits remote operation. The switching circuits control the 28-Vdc supply, which is either local or directed through the automation computer driver boards.
BREADBOARD VERIFICATION TESTING
Breadboard verification testing was undertaken to support the design and operation of the prototype CDS with experimental data. The objectives of the breadboard testing were to establish the prototype operational sequence, determine functional requirements for all of the prototype system components, and evaluate the CDS • Optimize design for prototype WPCDS Through operation of the system with a variety of liquid feeds and operating conditions, all of the major system components were evaluated and the specifications for valves and sensors were based on actual test data. The variation of the thermodynamic behavior of the CDS on operating parameters was determined so that the prototype operating conditions could be determined. The product water quality was monitored during the entire breadboard testing to verify the functioning of the CDS.
The prototype will be operated through the use of a system controller in the NASA test facility. Operating algorithms for the system were developed based on the breadboard testing. These algorithms determine the operating modes, sequence of events, control parameters, and operating ranges. Using actual test data for the operating algorithms provides a solid basis for the programming of the system controller and will result in stable automatic operation.
As part of the breadboard testing, system operational issues and product water quality issues were discovered and resolved. These included product contamination with nickel and higher concentrations of TOC and conductivity than expected from previous tests. The nickel contamination was traced to a brazed heat exchanger, which was replaced, thereby resolving this issue. High TOC and conductivity were found to be due to volatile organic compounds and were resolved by using an alternative method for pretreating the urine.
BREADBOARD TEST STAND
The breadboard test stand consists of an instrumented cascade distillation system that simulates the prototype system, a system control panel, and the data-acquisition system. The stand is capable of manual operation of the breadboard cascade distillation subsystem.
The test stand is equipped with a four-control panel console that is used to operate the test stand. The panels are: (1) data-acquisition system (DAS) that monitors all parameters and stores the data, (2) programmable digital controller for automatic control of the stand, (3) control panel for manual operation of the CDS and all auxiliary equipment, and (4) instrumentation panel that duplicates the DAS by displaying most of the test parameters on digital displays.
The test stand has provisions for mounting all of the cascade distillation system and instrumentation. The major components are the cascade distiller and the thermoelectric heat pump. They are connected to the breadboard system through the use of flexible plastic tubing. Located near the CD is a set of seven solenoid valves that are used for system control. The feed tank, on a weight scale, is mounted next to the distiller. The installation is designed to be compact to limit the piping lengths.
METHOD OF EXPERIMENTAL DATA ANALYSIS
The experimental parameters listed in Table 4 were used to calculate the thermodynamic properties of the CDS. The analysis method is described in the following. The production rate is given by:
The total power consumption is given by:
The specific power consumption is given by:
The ideal heat for condensate production is given by: Qc = Pc*H = Pc*664
The overall thermal efficiency is given by: The batch size for the tests was maintained around 10 kg, which has been a nominal batch size during the current program. Some of the batches were smaller due to limited supplies when the feed liquid was preserved urine. A designed experiment was conducted on February 17, 2006 with distilled water, and 25.5 liters were used. This will be discussed in more detail below.
Production Rate and Water Recovery
The production rate of product water varied from 3.2 to 5.7 liters per hour. The production rate is controlled by the thermoelectric heat pump power setting. Various settings were tried to determine the overall capability of the system and to see if there were variations in specific power or product water quality dependence with the production rate. It was found that the water production rate is strongly dependent on the thermoelectric heat pump power setting and concentration of salt in the hot loop to a lesser degree. Urine tests tend to show a drop in production rate near the end of a batch test when the hot loop is very concentrated. Distilled water tests do not have the same behavior.
The amount of product varied depending on the starting batch size and the test objectives. In most cases the urine tests were taken to high recovery points, but in other cases water purity was objective so shorter tests were conducted. Closely related to the amount of product water is the recovery fraction. On several tests maximum yield for a batch was attempted. In these cases the water recovery was found to be 94 to 96 percent. Specific power consumption (SPC) or specific energy consumption is the best measure of the thermal efficiency of a water processor. It provides a measure of the overall power use within the process. For the tests conducted, the SPC varied from 86.2 to 119.7 W-hr/Kg. The variation is due primarily to the nature of the liquid being processed. The best value was observed with distilled water and the highest with 4 percent sodium chloride solutions. U.S. pretreated urine averages about 100 W-hr/Kg, and early mission ersatz came in at about 92 W-hr/Kg. It appears that the SPC is generally related to the salt concentration of the feed liquid.
Overall Thermal Efficiency
The overall thermal efficiency factor is the ratio of the theoretical power required to produce the production rate of product water to that of the actual power consumed. The theoretical power for distillation is the specific heat of vaporization multiplied by the production rate of product water. The total power consumed is the sum of the thermal electric heat pump power and the CDS drive power.
The expected value of the overall thermal efficiency factor is limited to about 800 percent. The heat pump has a COP of about 2, or 200 percent. The CDS is designed to recover the heat of vaporization four times internally in the stages of the machine. Therefore, the maximum expected is 800 percent.
The results of the tests show that the overall efficiency is that water has the highest value of 770 percent, and 4 percent NaCI solution has the lowest at about 550 percent. The urine feed stocks result in values in the 650 percent range. These efficiency values correlate roughly with the maximum temperature of the processed batch. It appears that there are greater thermal losses at the higher temperatures. This would indicate that the prototype should be carefully insulated from the ambient.
Product Water Quality
The product water quality was monitored for most of the tests conducted using the breadboard system. For these tests the water from the feed, product and brine was analyzed for six soluble anions, five soluble cations, 13 heavy metals, TOC, pH and conductivity. Some of the tests used distiller water or sodium chloride solutions, which were not analyzed. In general all of the tests demonstrated removal of > 99.9% of the salts present in the feed. This purification results in product water that is nearly meets the NASA potable water quality standards for heavy metals and soluble salts. The results for TOC and conductivity were more variable and the TOC peaked at 165 ppm. After further testing it was determined that there were volatile organic chemicals that were present in the feed and that had not been completely removed through distillation. An improved pretreat protocol was instituted and the product water TOC was reduced to 13 ppm.
CONCLUSION
The prototype cascade wastewater processing system has been successfully designed, developed through the use of breadboard system testing and constructed. It has been acceptance tested and delivered to NASA for integrated testing. Based on the results from the breadboard tests, Honeywell expects that the prototype cascade distillation system will demonstrate outstanding thermodynamic performance and very good water purity when tested by NASA.
